Abstract Preterm birth (PTB) is the leading cause of infant mortality. PTB pathophysiology overlaps with those of adult cardiovascular, immune and metabolic disorders (CIMD), with mechanisms including inflammation, immunotolerance, thrombosis, and nutrient metabolism. Whereas many genetic factors for CIMD have been identified, progress in PTB has lagged. We hypothesized that highly validated genetic risk factors for CIMD may also be associated with PTB. We conducted case-control study of four female cohorts with spontaneous PTB (n = 673) versus term (n = 1119). Of 35 SNPs genotyped, there were 13 statistically significant associations (P \ 0.05), which were more than expected (binomial test; P = 0.02). In US White (307 cases/342 controls), the G allele of HLA-DQA1 (A/G) rs9272346 was protective for PTB in the initial discovery cohort (P = 0.02; OR = 0.65; 95 % CI 0.46, 0.94). This protective association replicated (P = 0.02; OR = 0.85; 95 % CI 0.75, 0.97) nominally in the Danish Cohort (883 cases, 959 controls), but lost significance upon multiple testing correction. We observed more statistically significant associations than expected, suggesting that chance is an unlikely explanation for one or more of the associations. Particularly, a protective association of the G allele of HLA-DQA1 was found in two independent cohorts, and in previous studies, this same allele was found to protect against type-1-diabetes (meta-analysis P value 5.52 9 10 -219 ). Previous investigations have implicated HLA phenotypic variation in recurrent fetal loss and in chronic chorioamnionitis. Given the limited sample size in his study, we suggest larger studies to further investigate possible HLA genetic involvement in PTB.
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Background
Preterm birth (PTB), defined as live birth occurring between 20-37 weeks of gestation, complicates 12.2 % of pregnancies (Kochanek et al. 2012) , contributes to over one-third of infant deaths in the United States annually (Mathews and MacDorman 2011) , and is associated with serious medical complications including neurodevelopmental delay, retinopathy of prematurity, and chronic lung disease (Landry et al. 2011; Sharma et al. 2011) . PTB is etiologically heterogeneous . Genetic influences on birth timing in humans are substantial (Chaudhari et al. 2008) . However, association studies using candidates selected from suspected pathways have not detected robust susceptibility variants for PTB.
Genome-wide association studies (GWAS) are promising but will require a very large number of well-characterized subjects in order to overcome the challenge of multiple statistical comparisons.
The pathophysiology of preterm birth is poorly understood, but the processes of inflammation, placental thrombosis, and nutrient metabolism have all been hypothesized to have a role (Park et al. 2005; Lusis 2000) . Such processes may overlap substantially with the pathophysiology of adult cardiovascular, immune, and metabolic disorders (CIMD). Recent advances in GWAS have led to the identification of multiple well-validated risk factors for CIMD, while progress has lagged for PTB.
The existence of genetic interconnections between PTB and adult cardiovascular, immune, and metabolic disorders (CIMD) is strongly suggested by similarities in known pathophysiological pathways among the various disorders. Inflammation, hormonal stress-response signaling, nutrition/metabolism, connective tissue matrix elaboration, and thrombosis are all fundamental processes that underlie most CIMD and are critical in fetal growth and the timing of parturition (Park et al. 2005; Lusis 2000) .
Given the similarity in fundamental pathophysiological processes between CIMD and PTB, there is an opportunity to test for pleiotropic effects of known genetic risk factors for CIMD that may also affect birth timing. We therefore hypothesized that highly validated genetic associations with CIMD may also be associated with PTB. The selection of single nucleotide polymorphisms (SNPs) with extraordinarily low P values (\1 9 10 -30 ) for association with CIMD is proposed as an efficient strategy to reduce multiple comparisons testing while maximizing the prior probability that variants tested are true pathological markers. Given the practical limitations of assembling very large sample sizes in complex phenotypes such as PTB, there is a need for creative research strategies that seek to resolve the tension between the hypothesis-directed candidate gene approach and the relatively unbiased GWAS approach that requires sample sizes massive enough to accommodate a million or more genetic association tests. Accordingly, we tested 35 independent SNPs (Table 1) in 33 genes that were found to be strongly associated with CIMD.
Methods
Recruitment and sample collection
Study subjects were enrolled with approval by Institutional Review Boards at each participating institution. Informed consent was obtained from all participants. Mothers with preterm birth were included if the birth was spontaneous The participants in this study were collected between January 2004 and May 2007. White (N = 26) and AfricanAmerican (N = 46) case participants were selected among mothers giving birth to infants \36 weeks of gestation, whereas control participants were mothers having uncomplicated term births (57 African-American, 26 White). University of Helsinki/University of Oulu, Finland (Plunkett et al. 2011) 166 White cases \36 weeks and 199 term controls, all of Finnish origin. Non-elective PTB with either intact or premature rupture of fetal membranes was included among Late cornified epithelium protein
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We selected 35 SNPs located in 33 genes/regions related to cardiovascular disease (including myocardial infarction, hypertension, hemostasis/thrombosis), growth/metabolism (e.g., lipids, glucose metabolism, obesity, height/weight), or inflammatory/immunological disease, and associated with the specific phenotypes with a P value cut off for association of \1.0 9 10 -30 *Refers to a gene region not a intragenic SNP **Additional SNPs in the gene also met genome-wide criteria for statistical significance the SPTBs. Patients with risk factors for PTB were excluded (i.e., multiple gestation, polyhydramnios, septic infection or chronic disease of the mother, narcotic or alcohol abuse, accidents, and fetuses with congenital anomalies).
University of Iowa Children's Hospital
118 White mothers with PTB \37 weeks; 78 White controls. The mothers' baby was admitted to the Neonatal Intensive Care Unit of University of Iowa Children's Hospital. The indication for the PTB was not available for most cases as the study uses a neonatal registry lacking this information (Ehn et al. 2007 ).
Nashville Perinatal Research Center
Cases (84 African-American/157 White) were mothers with PTB \37 weeks, term controls (222 African-American/196 White). White and African-American subjects between the ages of 18 and 40 years with singleton live births were included. Cases (PTB) were defined as presence of regular uterine contractions (2 contractions/ 10 min) with documented cervical changes followed by delivery prior to 36 weeks gestation. Subjects with multiple gestations, pre-eclampsia, preterm premature rupture of membranes, placental previa, fetal anomalies, cerclage, gestational diabetes, pre-gestational diabetes, poly-and oligohydramnios, intrauterine growth restriction, and other complications such as surgeries during pregnancy were excluded. Controls consisted of women having delivery at term (C37 weeks) with no medical or obstetrical complications during pregnancy (Menon et al. 2010 ).
Replication cohort
Danish National Birth Cohort
The database of Genotypes and Phenotypes (dbGaP) contains publicly available data from a genome-wide case/ control study using approximately 1,000 preterm mother pairs from the Danish National Birth Cohort (DNBC) with spontaneous onset of labor or preterm premature rupture of membranes (PPROM), along with 1,000 control mothers to whom a child was born at *40 weeks' gestation. All were singleton live births, without congenital anomalies, and with no maternal conditions known to be associated with preterm delivery or often requiring early delivery of the baby (placenta previa, placental abruption, hydramnios, isoimmunization, placental insufficiency, pre-eclampsia/ eclampsia). The child's parents and all four grandparents were born in Denmark (except in 24 cases with one or two grandparents from other Nordic countries) (Murray 2010).
CIMD SNP selection
For this study we screened 2,189 SNPs published in 466 GWAS studies available as of January 7, 2010 in the Catalog of Published Genome-wide Association Studies (Manolio et al. 2009 ), maintained by the National Human Genome Research Institute (NHGRI). We selected 36 SNPs located in 33 genes/regions related to cardiovascular disease (including myocardial infarction, hypertension, hemostasis/thrombosis), growth/metabolism (e.g., lipids, glucose metabolism, obesity, height/weight), or inflammatory/immunological disease, and associated with the specific phenotypes described in Table 1 below with a P value cut off for association of \1.0 9 10 -30 . We excluded GWAS studies of central nervous system disorders (e.g., autism, Parkinson disease, Alzheimer disease, schizophrenia), bone mineral density, osteoarthritis, hematological indices (e.g., hemoglobin) or disorders (e.g., thalassemias), pharmacogenomics (e.g., warfarin metabolism), infectious diseases (e.g., HIV, hepatitis C, leprosy), cleft lip/palate, electrocardiographic parameters, and traits such as hair and eye color. We also excluded GWAS studies of various forms of cancer. The number of SNPs (36) was chosen as a potentially tolerable study-wide number of statistical comparisons, given the available sample size for PTB association studies; this corresponded to the GWAS P value cutoff of 1.0 9 10 -30 .
Molecular methods
DNA was extracted from saliva or from buffy coats or venous blood stored at -80°C. All specimens were linked with demographic and medical data abstracted from maternal/neonatal records (Plunkett et al. 2011) .
SNP genotyping 30 lg of DNA diluted to 5 ng/lL was loaded into 96-well plates and assayed by means of matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry through the Sequenom Technology/Genotyping Cores at Vanderbilt and Yale Universities. SNPs for which successful Sequenom designs could not be achieved were genotyped individually by TaqMan Ò . Initial genotyping of the Finnish cohort was performed using the Affymetrix Ò Genome-Wide Human SNP Array 6.0. Genotypes were called from cell intensity data by the birdseed v2 algorithm (using default thresholds) (Schillert and Ziegler 2012) , implemented in Affymetrix Ò Genotyping Console 3.0. DNBC was genotyped on the Illumina 660Quad. The SNAP tool from the Broad Institute (Johnson et al. 2008) will be used to select appropriate proxy SNPs for the SNPs that are not directly genotyped on the array.
Statistical analysis
Sequenom design was feasible and genotypes were generated for 26 of independent 35 SNPs (36 SNPs total, with one pair, rs6457617 and rs6457620, in complete linkage disequilibrium-note that 35 ''independent'' SNPs will hereafter be referenced throughout the current report). Using TaqMan Ò , genotypes were generated for the ten SNPs which were not genotyped by Sequenom (rs6457620, rs9272346, rs9268645, rs12191877, rs12191877, rs2476601, rs6457617, rs9263739, rs3131379, rs6056, rs599839) , seven of which are in the 6p21 HLA region containing repetitive DNA sequences. In preterm birth mother cohorts, eight variants were not genotyped by TaqMan Ò in Hispanic mothers (repository at Yale University). Data analysis was performed with PLINK, using Fisher exact tests. We excluded individuals based on genotyping quality (\95 % call rate) and possible cryptic relatedness and SNPs based on the following criteria: not in Hardy-Weinberg equilibrium in controls (P \ 0.001), \95 % genotype call rate, minor allele frequency (MAF) \0.05, duplicate probes.
Power and sample size considerations
Effect sizes estimated by odds ratios (OR) for CIMD phenotypes of SNPs included in this study ranged from 1.3 to 5.5. We assumed that a similar range of odds ratios might possibly pertain to PTB. In our analysis, each genetic variant was pre-specified based on published GWAS reports, and the frequencies of risk-associated variants was compared in cases and controls by using Fisher exact single-marker allelic association tests in PLINK (Purcell et al. 2007 ). The number of positive associations at the P \ 0.05 level was also compared to the expected number by chance. Power estimates ranged from 0.34 (OR = 1.5) to 0.82 (OR = 2) in US. White mothers (307 cases, 342 controls), under the assumption of allelic Fisher exact model, baseline disease risk frequency of 0.1, and minor allele frequency of 0.1, with two-tailed P value of B0.05 (Power and Sample Size Calculation, William D. Dupont 1998). The largest clinical population in the present study was US White mothers; inclusion of African-Americans, Finns, and Hispanics supplemented power and permitted investigation of the robustness of statistical associations across multiple populations. We considered statistical significance of the nominal P values of individual genetic associations, and also applied the Bonferroni correction for multiple comparisons (Lesack and Naugler 2011) .
Results
Genotyping was successful in 99.4 % of maternal DNA samples. Genotyping efficiency was above 98 % in all our SNPs except rs12191877 (97 %) and rs599839 (90 %). Genotype distributions of four SNPs in six study subpopulations violated HWE in controls (P \ 0.001), as noted in Table 2 below. Thirteen SNPs were found to be in statistically significant association (P \ 0.05) with PTB (Table 2) . By chance alone, one would expect an average of 6.6 statistically significant associations, given 4 study cohorts in which 35 independent SNPs were tested for association, with a total of 132 independent tests performed in the 4 clinical populations. Thus, 13 associations are more than expected by chance (P = 0.015; binomial test).
Positive associations were particularly frequent in US White mothers (307 cases/342 controls), in which group 6 of 35 SNPs met the nominal level of statistical significance, trending toward a surplus of positive associations (P = 0.07; binomial test). These six significant SNPs were: IL23R rs11465804, LPL rs12678919, CDKN2 rs4977574, HLA-DRB1 rs6457620 (and its proxy SNP, MHC rs6457617, linkage disequilibrium r 2 = 1.0), HLA-DQA1 rs9272346, and HLA-DRA rs9268645, none of which violated HWE in the controls (P \ 0.001). The most statistically significant association observed was with the G allele of rs9268645 HLA-DRA in US Whites (P = 0.003). However, this association (along with all others) fell short of the study-wide statistical significance threshold (P = 0.0004) after Bonferroni correction for 132 tests.
In order to augment our study power, we brought forward all of the 13 positive associations for potential validation in the Danish National Birth Cohort mothers (DNBC) (883 cases, 959 controls). Two of the 13 SNPs were not directly genotyped on DNBC's Illumina 660 Quad array, and we therefore selected proxy SNPs. Specifically, the minor allele A of HLA-DRA rs9268615 correlates with the minor allele G of HLA-DRA rs9268645 in the CEU population (r 2 = 0.97). In addition, the minor allele A of the HLA-DQB1 rs1063355 correlates with the minor allele G of rs9272346 in the HLA-DQA1 contiguous MHC/HLA 6p21 locus in the CEU population (r 2 = 0.97). For 1 SNP that was not genotyped in the DNBC (PCKS9 rs11591147), no suitable proxy was available, leaving only 12 SNPs tested for association with PTB in the DNBC validation sample. Of these, only one association was validated in the DNBC (two-tailed P \ 0.05). Specifically, the A allele of the rs1063355 in HLA-DQB1 had a protective association with preterm birth in the Danish subpopulation (OR = 0.85; 95 % CI 0.75-0.97; two-tailed P = 0.016). When testing a pre-specified genetic model for validation, a one-tailed test is appropriate, and 0.016/ 2 = 0.008. Given a Bonferroni correction for 12 independent tests, the corrected one-tailed P value would be 0.096. Thus, there was a statistically non-significant trend toward validation of the association between PTB in US Whites and rs9272346 in HLA-DQA1 (by proxy association with rs1063355 in HLA-DQB1 in the DNBC). Tables 3 and 4 show lower minor allele frequencies in cases compared with controls in both US White and DNBC populations (i.e., the minor allele is termed ''protective'' in that it appears in higher frequency among unaffected individuals). Specifically, in US Whites, the rs9272346 G allele frequency was 0.35 (Table 4 ). In the DNBC, the proxy SNP rs1063355 A allele frequency was also 0.41 (Table 5) . By contrast, the minor allele frequencies of both SNPs were 0.45. For comparison, the CEU population (white mixed European descent population in Utah) minor allele frequencies, of rs9272346 and rs1063355, are 0.41 and 0.43, respectively, which are similar to our findings.
Discussion
We observed more statistically significant associations between CIMD-related genetic risk variants and PTB than expected, suggesting that chance is an unlikely explanation for one or more of the associations. This was the main finding of our study, and it provides statistical support for our hypothesis that highly validated risk factors for CIMD may also alter the risk of PTB. However, we were unable to identify any particular association as being robust across all study samples. One association with PTB drew our attention more than the others, mainly because it was replicated in the Danish National Birth Cohort, and this was the protective association of SNPs in the HLA DQA1-DQB1 region of chromosome 6p21. Although this association was only nominally statistically significant in US Whites and in the DNBC, it is perhaps premature to dismiss it as being likely due to chance.
Several other canonical causality criteria must be considered in addition to the overall Bonferroni-corrected statistical significance level. First, there is the apparent consistency of the association in the discovery cohort of White mothers with that observed in the replication cohort of Danish mothers, with similar odds ratio and overlapping confidence limits. Such consistency is tempered by the fact that the association was not present in three other study cohorts (African-Americans, Hispanics, Finns). Possible explanations for why a valid association may not be observed in all populations studied include: (1) inadequate power in relatively small cohorts; (2) population-specific genetic and/or clinical heterogeneity; (3) Winner's curse (in which the effect size is skewed upwards in the discovery cohort) (Kraft 2008) .
Another criterion to be considered is a particular SNPs known status as a marker of other diseases besides PTB. Pleiotropy is the classical genetic principle that a particular DNA sequence variant may exert an influence on multiple traits. Along those lines, the present study was largely motivated by observations that pleiotropy is emerging as a dominant theme in genome-wide association studies (Huang et al. 2011) . The HLA DQA1-DQB1 SNPs included in this study are known disease markers. The G allele of HLA-DQA1 is an ordinarily robust protective marker in type I diabetes (meta-analysis P value 5.52 9 10 -219 ) (Table 1) .
Thus, this SNP (perhaps in concert with many others in the MHC/HLA 6p21 locus) signifies important variation in function that has documented pathological importance. This raises the ''pre-test probability'', or suspicion that the SNP may be involved in other disease processes in addition to type I diabetes mellitus. Another criterion to be considered is biological plausibility. HLA-DQA1 belongs to the HLA class II alpha chain paralogs. Class II molecules are expressed in antigen-presenting cells (e.g., B lymphocytes, dendritic cells, macrophages). The class II molecule is a heterodimer consisting of an alpha (DQA) and a beta chain (DQB), both anchored in the membrane. It plays a central role in the immune system by presenting peptides derived from extracellular proteins. One possible mechanism that immunological factors could lead to preterm birth has a correlation with those mechanisms related to transplant rejection. A recent study showed that maternal anti-HLA class I seropositivity in spontaneous preterm births is higher than that of normal term (OR = 5.90, 95 % CI 1.60-21.83) (Lee et al. 2011) . Furthermore, previous investigations have implicated HLA phenotypic variation in recurrent fetal loss as well as in chronic chorioamnionitis, so there is at least a superficial biological plausibility for the association observed in the present study. However, no clear mechanism has been proven. The SNPs (rs1063355 in HLA-DQB1 and SNP rs9272346 in HLA-DQA1) are both noncoding SNPs. SNP rs9272346 is in the 5 0 region upstream from HLA-DQA1, and rs1063355 lies in the 3 0 untranslated region of HLA-DQB1 (Li et al. 2010) . Thus, the effects of these particular SNPs on gene function in the context of broader haplotypes may be difficult to discern. Knowing only the status of one SNP (or its proxy) in each patient, we were unable to reconstruct complex HLA haplotypes that were classically used in the study of genetic variation in human immunity. The present study is not without important caveats. The sample sizes in each clinical group studied were modest. Given the special challenges of recruiting, phenotyping, and collecting DNA samples from pregnant women who labor prematurely, our study is similar in size to others in the field of obstetrical genetic research. Our study design was deliberately conceived to choose only a few dozen genetic markers, in order to maximize power with our existing clinical resources. We suggest larger, even more narrowly tailored, future studies to further investigate possible HLA genetic involvement in PTB.
The small sample size limited our ability to divide our cases and controls based on their birth weight being small or appropriate for gestational age. While initial findings regarding the Barker hypothesis, pertained primarily to birth weight, both low birth weight due to shortened gestation or intrauterine growth restriction exert similar increases in risk for adult disease (de Boo and Harding 2006) .
We also acknowledge that the role of potential confounding factors was not necessarily fully controlled in the present study. The most prominent potential confounder in genetic studies is population stratification (i.e., differential ethnic admixture in cases and controls). We dealt with this potential threat to the validity of associations by performing separate analyses within each ethnic/racial subgroup. An alternative (or supplemental procedure) is to genotype large numbers of ethnically informative genetic markers throughout the genome for use as covariates to detect and attempt to correct for population stratification. The present study's size and scope were too limited to apply genomic control methods to it, but future studies should be designed to address potential confounding more fully (He et al. 2011 ). In addition, future studies should take into account the vast haplotype complexity of the MHC/HLA region. The present study was not designed with this issue in mind, but we believe that our results indicate the need for more detailed analysis of HLA genetic variation in relation to PTB.
Our study was confined to mothers, because we did not have DNA from sufficient numbers of infants to fully analyze the paternal contribution to PTB risk. However, our previous studies have indicated that the paternal contribution to PTB is only slight in comparison with the maternal genome (Plunkett et al. 2009 ). Even so, it would be of interest to genotype infants for the purpose of investigating the possible effects of maternal-fetal risk allele transmission. Global efforts are currently underway to amass the requisite sample size and standardized phenotyping for genome-wide association studies of PTB (Uzun et al. 2012; Murray 2010) . We anticipate that initial results will soon be made available, and that further studies will be forthcoming.
Conclusions
Despite its limitations, our initial exploratory investigation for the genetic connection between CIMD and PTB identified at least one promising candidate SNP involved in immune system biology, and resulted in an apparent surplus of positive associations that supported our primary hypothesis. Genetic investigation of preterm birth is imperative, not only for developing predictive models that could focus attention on women most at risk, and potentially intervening early with antenatal steroids to enhance fetal lung development, but also for gaining further insights into the pathobiology of parturition.
